We aimed to assess intervendor agreement of global (GLS) and regional longitudinal strain by vendor-specific software after EACVI/ASE Industry Task Force Standardization Initiatives for Deformation Imaging.
Introduction
2D speckle-tracking echocardiography (STE) is a relatively new, angle-independent technique used for the quantitative assessment of myocardial function. 1 Recent advancements in STE have enabled analysis of myocardial strain in the longitudinal, radial, and circumferential dimensions. 2, 3 Longitudinal strain has been shown to be the most reliable and reproducible parameter with the greatest clinical application. 4 Global longitudinal strain (GLS) and regional strain have been shown to provide useful information in the evaluation of subclinical myocardial dysfunction in ischaemic heart disease, 5 valvular heart disease, congenital heart disease, and various cardiomyopathies. 6 -9 There is now a consensus statement published jointly by the European Association of Cardiovascular Imaging (EACVI) and the American Society of Echocardiography (ASE) to implement the serial † The authors contributed equally to this work. measurement of GLS in the monitoring of chemotherapy-related cardiotoxicity. 8 However, one of the known limitations of STE is the lack of intervendor consistency and reproducibility of strain measurements. This poses a logistical problem for large, multivendor echocardiography laboratories, as baseline and subsequent follow-up echocardiograms need to be performed on ultrasound machines from the same vendor. 10 In 2011, the EACVI and ASE issued an expert consensus statement on the evaluation of cardiac mechanics and identified the need for a joint effort with industry to standardize strain measurements if these were to be adopted for more widespread clinical use. 11 Few studies have been performed to date to evaluate the consistency between vendors, and there was significant variability in their findings. 4,12 -15 Recently, further recommendations from the EACVI and ASE joint task force to improve standardization of strain measurements were published. 16 In response to these standardization initiatives, different manufacturers have released improved versions of their vendor-specific software. We sought to examine the consistency and reproducibility of 2D strain measurements by comparing the latest versions of Philips and GE vendor-specific software, released after implementation of standardization initiatives.
Methods

Study population
Fifty-five subjects undergoing routine transthoracic echocardiography (TTE) were included in this prospective study. The exclusion criteria were the presence of a pacemaker, atrial fibrillation, or inadequate image quality defined as suboptimal endocardial definition in two or more segments, precluding data analysis with STE. The study was approved by the institutional ethical committee of The Prince Charles Hospital.
Conventional echocardiography
Each subject underwent consecutive same day TTE image acquisitions by the same experienced operator using two commercially available cardiac ultrasound systems (MS5-D transducer, Vivid E9, GE Medical, Milwaukee, WI, USA; and X5-1 transducer, iE33, Philips, Andover, MA, USA). Studies on the same subject were performed immediately (in the contemporaneous session) to minimize measurement variability. Images were acquired in the standard apical 4-chamber, 2-chamber, and long-axis views over three cardiac cycles. Image width and depth were optimized to allow visualization of the entire left ventricle (LV), including the epicardial border. All images were acquired with frame rates between 50 and 80 frames per second. Timing of aortic valve closure was determined by pulsed-wave Doppler signals in the LV outflow tract (LVOT). End systole was defined as the time of aortic valve closure. LV ejection fraction (LVEF) was calculated using the modified Simpson's method. 16 The baseline assessment included standard 2D, M-mode, colour Doppler, pulsed-wave and continuous-wave Doppler, and Doppler tissue imaging modalities using standard parasternal, apical, subcostal, and suprasternal windows.
Strain analysis
Three apical images (apical 4 chamber, 2 chamber, and long-axis) were stored and analyzed offline with each vendor-specific software for peak systolic longitudinal strain. The timing of peak systolic strain was determined by end systole at the time of aortic valve closure.
Using GE EchoPAC PC BT13 v201, released July 2015 (GE software, Milwaukee), Automated Function Imaging (AFI) was employed for semiautomated endocardial border detection after identifying the base and apex. The endocardial border was then manually adjusted, if necessary, to achieve adequate tracking. The AFI programme generates a bull's-eye polar map of the GLS and regional strain results of all 17 segments.
Using Philips QLAB version 10.3, released September 2014 (Philips software), the observer identified the basal and apical segments. The software automatically tracked the endocardial border throughout the cardiac cycle. The observer then manually adjusted the endocardial border as required. Speckles were tracked frame by frame throughout the LV wall during the cardiac cycle. Seventeen basal, mid, and apical segments are created by the analysis software. Similar to the GE software, the Philips software also can generate a bull's-eye polar map of GLS and regional strain results. Figure 1 demonstrates GLS analysis using both GE software and Philips software on the same subject.
Regional longitudinal strain according to segmental distribution by coronary artery territories was analysed by direct comparison of each territory by the correlating vendor software. Each coronary territory was divided into different LV segments according to the ASE 17-segment model of classification 17 as follows: left anterior descending (LAD) are anterior, anteroseptal, mid inferoseptal, and apical segments; right coronary artery (RCA) are inferior and basal inferoseptal segments; left circumflex (LCX) are anterolateral and inferolateral segments ( Figure 2 ).
16
Segmental longitudinal strains in the three levels (basal, mid, and apical) were calculated by averaging all segments in each level (basal six segments; mid wall six segments; apical five segments) of the LV myocardium.
The cardiac sonographers and independent observers -cardiologists experienced in strain analysis -were blinded to the results of the analysis in each vendor.
Intervendor and intra/interobserver variability
For observer variability, images from all 55 subjects were analysed using vendor-specific software. GLS and regional longitudinal strain values were obtained offline by three independent, blinded observers experienced in strain analysis. Intervendor agreement and intraobserver variability were assessed by the first observer (K.S.), who analysed both sets of images from the Philips machine and GE machine twice using corresponding vendor-specific software.
Interobserver variability for each vendor was assessed using two more independent, blinded observers. The second observer (J.C.) analysed all images from the Philips machine using corresponding vendorspecific software. The third observer (A.Y.) analysed all images from the GE machine using vendor-specific software. Interobserver variability was analysed between the first observer (K.S.) and the second observer (J.C.) using the Philips software and between the first observer (K.S.) and the third observer (A.Y.) using the GE software. All observers were blinded to clinical data and each other's measurements.
Statistical analysis
Continuous data were presented as mean + standard deviation (SD). Pearson's correlation coefficient (r), intraclass correlation coefficients (ICC), and the Bland -Altman analysis statistical methods were used to compare intervendor, intraobserver, and interobserver agreements for GLS and regional strain. 18 Student's t-test was used to compare mean longitudinal strain, average timing for strain analysis, heart rate of subjects, and frame rate between vendors. Results were tabulated and expressed as correlation plots and Bland -Altman plots with mean difference bias and 2 SD limits of agreement (LOA). All P , 0.05 were considered statistically significant.
Results
Clinical and echocardiographic characteristics
A total of 55 subjects were included in the main comparison between the vendors. Subject characteristics are summarized in Table 1 . There were 14 patients who were normal with no significant cardiac pathology. Fifteen patients had valvular heart disease. Of the 17 patients with left ventricular dysfunction defined as EF ,50%,13 had ischaemic heart disease with regional wall motion abnormalities, three had a dilated cardiomyopathy, and one had an infiltrative cardiomyopathy. Twelve patients had LV hypertrophy defined as LV wall thickness .12 mm. Overall, our study sample population represented a diverse range of patients including normal subjects and those with cardiac pathologies with a wide range of LV function (EF range 15-80%) so that the results can be applicable to the real-life clinical setting as much as possible.
The average heart rate during image acquisition for GE was 65 + 13 bpm and for Philips was 66 + 13 bpm (P ¼ 0.69). Frame rates of image acquisition with Philips were marginally lower than with GE (mean 51.6 + 4.1 Hz vs. 56.6 + 4.8 Hz, P , 0.0001).
Intervendor comparison of global longitudinal strain
Mean GLS values of the LV were similar between the two vendors (GE 217.5 + 5.2% vs. Philips 218.9 + 5.1%, P ¼ 0.15). There was excellent intervendor correlation for GLS (r ¼ 0.94, P , 0.0001), which was superior to regional strain. Bland -Altman analysis demonstrated a small mean bias of 21.3% with a 95% LOA between Figure 2 Bull's-eye plot of regional strain calculation according to coronary territory. Consistency and reproducibility in two ultrasound systems 24.8 and 2.2% ( Table 2) . Results are also demonstrated in correlation and Bland-Altman plots in Figure 3 .
Intervendor comparison of regional strain
Comparisons of intervendor regional longitudinal strain according to segment distribution by coronary artery territories were LAD: r ¼ 0.85, P , 0.0001; mean bias 0.5%, 95% CI LOA 25.3 to 6.4%; RCA: r ¼ 0.88, P , 0.0001; mean bias 22.4%, 95% CI LOA 28.6 to 3.7%; and LCX: r ¼ 0.76, P , 0.0001; mean bias 25.3%, 95% CI LOA 210.6 to 2.0% ( Table 2) . LAD and RCA regional strain had good intervendor correlations, while LCX strain only had modest correlation, although LAD and RCA strain were not superior to GLS. Results are demonstrated in correlation and Bland -Altman plots in Figure 4 . Comparison for intervendor segmental longitudinal strain by basal, mid, and apical levels were basal: r ¼ 0.86, P , 0.0001; mean bias 23.6%, 95% CI LOA 29.9 to 2.6%; mid: r ¼ 0.90, P , 0.0001; mean bias 22.6%, 95% CI LOA 27.8 to 2.6%; and apical: r ¼ 0.74, P , 0.0001; mean bias 21.3%, 95% CI LOA 29.4 to 6.8% ( Table 2) . Mid-level segmental strain had the best intervendor correlation, while basal segmental strain had relatively good correlation and apical segmental strain had modest correlation. None of the regional strain comparisons were superior to GLS, and regional strain measurements demonstrated significantly wider LOA. Results are demonstrated in correlation and Bland-Altman plots in Table 2 and Figures 4 and 5.
Vendor-specific interobserver agreement Global longitudinal strain There was excellent interobserver agreement using the GE software between the two blinded, independent observers (K.S. and A.Y.) (ICC ¼ 0.99, P , 0.0001; mean bias 20.7%, 95% CI LOA 23.3 to 1.9%). Interobserver strain analysis was performed on the same subgroup of patients with good correlation using Philips software between the blinded, independent observers (K.S. and J.C.) (ICC ¼ 0.87 P , 0.0001; mean bias 2.3%, 95% CI LOA 22.3 to 6.9%).
Regional strain
There was a relatively good interobserver agreement for regional strain by coronary artery territories (LAD, RCA, and LCX) using the GE software with ICCs ≥0.89 (Table 3 ) but there were relatively wide LOAs. Regional strain by coronary artery territories using Philips software had modest agreement compared with GE software ( Table 3) . Reproducibility of regional strain was better in the LAD territory compared with the LCX and RCA ( Table 3) .
There was relatively good interobserver agreement about regional strain by LV levels (basal, mid, and apical) using the GE software with ICCs ≥0.86. However, regional strain by LV levels using the Philips software had lower ICCs than GE software.
Vendor-specific intraobserver agreement
Global longitudinal strain There was excellent intraobserver agreement for both vendors (GE ICC ¼ 0.99; mean bias 20.2%, 95% CI LOA 22.0 to 1.6% and Philips ICC ¼ 0.93; mean bias 20.9%, 95% CI LOA 24.7 to 2.9%) ( Table 4) .
Regional strain
There was excellent intraobserver agreement with regional strain by coronary artery territories (LAD, RCA, and LCX) using GE software (ICCs ≥0.92) and Philips software (ICCs ≥0.86). There was also excellent intraobserver agreement of regional strain by LV levels (basal, mid, and apical) using GE software with ICCs ≥0.93 and Philips software with ICCs ≥0.83 ( Table 4) .
Comparison of time analysis
The average time required for offline strain analysis was significantly different between the two vendors (Philips 4.2 + 1.3 min vs. GE 1.7 + 0.4 min, P , 0.0001). However, image acquisition times for both vendors were similar with no significant difference (Philips 12.9 + 3.1 min vs. GE 13.0 + 3.1 min, P ¼ 0.54).
Discussion
It often is assumed that strain is a fundamental physical property of the myocardium that, in theory, could be assumed to remain constant irrespective of vendor. 13 However, currently there is a wide variation in reported values depending on the ultrasound system. 4, 19 It is important to evaluate whether independent vendors are reporting the same consistent strain values and whether different vendor systems are interchangeable for longitudinal follow-up of clinical strain measurements. Standardization in serial strain measurements is important as there is increasing clinical application of STE in the detection and monitoring of chemotherapy-related cardiotoxicity and other forms of cardiomyoapthies. 2, 8, 10 For a common, large, busy multivendor echocardiography laboratory, the logistics may be impractical and inefficient to perform serial studies using the same vendor machine due to limitations of resources. This also will limit the progress of the widespread application of STE in the real-life clinical setting. To date, there have been a limited number of studies published to compare variability between vendors, and they have shown inconsistencies and relatively poor agreements of using both vendorspecific and vendor-nonspecific analysis softwares. 14, 15 The factors leading to variation in strain measurements may arise from image acquisition and the haemodynamic status of patients, but the predominant source is due to the differences among vendor-specific software that utilize different post-processing strain algorithms and complex mathematical calculations. 20 To overcome these deficiencies, the EACVI and ASE established a Joint Task Force with Industry partnership in an ongoing global effort to improve standardization of strain measurements between vendors, and its recommendation was published in 2015. 16 Subsequent to the Joint Task Force initiatives, different manufacturers have responded and released upgraded vendor-specific software for strain analysis.
Our study is one of the first few to systematically evaluate the use of vendor-specific software for global and regional segmental strain analyses after the Joint Task Force initiative on images acquired using different ultrasound vendors on a mixed sample population of healthy normal and cardiac pathologies with a wide range of LV function. We have selected manufacturers GE and Philips for intervendor comparison due to their popularity in widespread clinical usage.
The main results of our study can be summarized as follows:
(i) GLS measurements showed improved intervendor reproducibility between the latest vendor-specific software from two manufacturers. (ii) Intervendor comparison of regional longitudinal strain according to segment distribution by coronary artery territories showed that the LAD territory had the best correlation and LCX territory had the weakest correlation. (iii) Intervendor comparison of regional longitudinal strain according to LV levels showed that the mid-wall segmental strain had the best correlation. (iv) Overall, intervendor agreement of GLS and, to a lesser degree, regional strain was good but wide limits of agreement should be noted with caution. (v) There is excellent vendor-specific interobserver and intraobserver reproducibility for GLS and relatively modest observer agreements for regional strain. (vi) The average time required for offline analysis was significantly longer in the Philips QLAB software in comparison to GE software (4.2 + 1.3 min vs. 1.7 + 0.4 min, P , 0.0001).
Global vs. regional strain
The source of disagreement in strain analysis in comparing GLS and regional segmental strain is a complex issue. Our study aimed to 23 to r ¼ 0.96 in another study, 22 and ICC 0.94. 20 The Joint Task Force initiatives with industry partners have also led to significant change in GLS measurements for the same manufacturer after an upgrade of vendorspecific software. For example, Nagata et al. demonstrated that comparison of GLS analysis of the latest QLAB version 10 software to previous versions has led to a reclassification rate of 20%. There was a good GLS correlation coefficient of r ¼ 0.72 between the latest GE and Philips software, but Nagata et al. concluded that relatively large LOA (+3 to +4.5%) remain a relevant problem in 2D strain analysis using different vendors: The final recommendation was to use the same ultrasound machine and the same software for longitudinal analysis of strain values in the same subjects and for cross-sectional studies. 21 Regional and segmental longitudinal strain is more important in the evaluation of ischaemic heart disease, myocarditis, and hypertrophic cardiomyopathy with heterogeneity in regional myocardial function. Previous studies have shown significant variability in the calculation of longitudinal strain between LV segments. 24 There are scant data on the reproducibility of regional strain measures in the published literature; prior studies suggest that regional strain measurements are generally not as reproducible as global strain measurements. 25 In our study, the best regional correlation was demonstrated in the LAD territory and the weakest correlation in the LCX territory. This observed difference in coronary artery distribution is consistent with observations from a previously published study that evaluated regional STE correlations with cardiac magnetic resonance myocardial tagging. 26 One possible explanation for this observation is that the acoustic field is more uniform in the center of the image 13 and axial resolution is at its greatest in the centre of the region of interest. On the other hand, imaging of the posterior wall can sometimes be difficult due to overlying lung artefact, 13 and this may be an explanation as to why LCX territory showed the least correlation. Finally, all three segments of the interventricular septum move in unison along the major axis, whereas the posterior and inferior walls will exhibit some movement across the scan plane. This will result in the septum being easier to track than the posterior and inferior walls.
Vendor-specific observer agreement
Interobserver and intraobserver agreement were excellent for GLS using vendor-specific software for the same manufacturer. This finding is consistent with many previous studies that consistently have shown good reproducibility of GLS and, to a lesser degree, with regional strain. 4, 25, 27 This confirms our confidence in utilizing strain for serial measurements using the same vendor. Takigiku Our results also demonstrated stronger observer correlations with GE compared with Philips vendor-specific software. Yamada et al. have shown that observer reproducibility of GLS is superior to regional strain, which is expected. 25 These discrepancies may be less apparent in GLS due to the averaging of all segments, which would reduce the apparent variability in reproducibility.
Discordance in analysis time
There was a significant difference in offline analysis time between the two vendors. The average time for strain analysis using Philips software was significantly longer than that of GE software. This Consistency and reproducibility in two ultrasound systems time difference is significant as time restraints in a busy laboratory will reduce the acceptance and utilization of strain in a busy work environment. We found that it was more difficult to obtain adequate tracking using the Philips software despite the same image quality, and it requires more repeated analysis. The Philips software did require more manual processing steps than the GE software, and the observers had more previous experience using the GE software, thus introducing some bias. This also may explain why there was only modest interobserver agreement of GLS measurements using the Philips software. All of the above factors may present the source of this observed time discrepancy and may be reduced as the observer becomes more experienced with the Philips software.
Clinical implications
Our findings are important and suggest there is significant improvement in GLS compatibility between the two ultrasound systems 23 Serial GLS measurements in longitudinal follow-up studies are still superior with a single vendor, but multivendor protocols may now be considered if resources are limited. Extrapolation of our results to clinical practice should take into account the following limitations: (i) strain analysis was performed by the same expert observer who was well trained with abundant experience; (ii) image acquisition was performed by a single sonographer in one session for both manufacturers; (iii) inclusion of only patients with good image quality achieving 92% feasibility for strain analysis. Regional strain analysis by coronary artery distribution and segmental strain analysis of different LV levels also demonstrated reasonably modest intervendor correlations that may be useful for potential clinical application. Vendor-specific reproducibility of LAD territory was superior to other coronary territories and may be useful for the evaluation and serial measurement in longitudinal follow-up of ischaemic heart disease. However, wide intervendor LOA remains problematic and poses a significant limitation. Based on our results, we cannot yet recommend serial regional strain measurements using different vendors.
Limitations
First, we evaluated agreement among different versions of software using images from two widely used vendor systems, so our results cannot be extrapolated to other versions and other vendor systems. Second, our strain analyses were not fully automated. Both software utilized a semi-automated tracking algorithm requiring manual adjustments of the region of interest to achieve satisfactory tracking. Finally, we limited our evaluation to global and regional longitudinal strain, which are most commonly used. Our study did not incorporate evaluation of other axes of strain such as radial, circumferential, rotation or torsion.
Conclusions
There was good intervendor agreement between the GE and Philips systems for GLS and modest agreement for regional longitudinal strain with the latest upgraded vendor-specific software since the EACVI/ASE Joint Task Force Initiatives to standardize strain measurements. GE had superior vendor-specific observer reproducibility and shorter strain analysis time, which may have an impact on the efficiency of workflow in a busy echocardiography laboratory. Intervendor compatibility of GLS measurements is promising but wide LOAs especially with regional strain pose a limitation when considering serial follow-up of strain in longitudinal studies.
